Nonalcoholic steatohepatitis (NASH) is promoted on the basis of the pathology of nonalcoholic fatty liver disease (NAFLD), and some NASH-patients progress to hepatic cirrhosis and/or carcinoma \[[@r3], [@r21]\]. NAFLD is associated with metabolic diseases, such as type 2 diabetes, insulin resistance, obesity, and dyslipidemia \[[@r2]\]. The number of patients with metabolic diseases is increasing, and the population of NASH patients is rapidly increasing all over the world. However, the pathophysiology of NASH seems to be poorly defined, and effective pharmacological therapies have not been approved \[[@r27]\].

Experimental animal models play key roles in gaining a better understanding of the pathophysiology and in developing new drugs for NASH. Some animal models have been developed and, in particular, using an animal model based on insulin resistance to investigate NASH is important. The Spontaneously Diabetic Torii (SDT) fatty rat, established by introducing the *fa* allele of the Zucker fatty rat into the SDT rat genome, is a new model for obese type 2 diabetes \[[@r12], [@r22]\]. The female SDT fatty rat exhibits obesity, hyperinsulinemia, hyperglycemia and dyslipidemia at approximately 6 weeks of age, and hepatic NASH-like lesions are observed at 32--40 weeks of age \[[@r8], [@r9], [@r23]\]. Moreover, the NASH-like lesions in female SDT fatty rats are observed at 20 weeks of age with a cholesterol-enriched diet \[[@r29]\]. The female SDT fatty rat is expected to be useful for NASH research. Furthermore, in addition to pathophysiological analyses of NASH in the animal model, investigating the pharmacological effects of anti-diabetic drugs on NASH to elucidate the properties of these animals as a NASH animal model is important. Currently, two anti-diabetic drugs, metformin and pioglitazone are clinically used as NASH therapies; however, both are not officially approved, and this use is off-label. Both drugs reportedly showed the improvement of hepatic lesions in NASH patients; however, there are differences in mechanism and pharmacological potential in both drugs \[[@r6], [@r18]\]. Metformin suppresses gluconeogenesis in liver and pioglitazone activates peroxisome proliferator-activated receptor (PPAR)-γ in adipose tissues \[[@r14], [@r16]\]. In this study, metformin and pioglitazone were repeatedly administered to female SDT fatty rats fed a cholesterol-enriched diet, and the effects of both drugs were investigated.

MATERIALS AND METHODS {#s1}
=====================

Animals and compounds
---------------------

Female SDT fatty rats were purchased from CLEA Japan Inc. (Tokyo, Japan). At four weeks of age, SDT fatty rats were divided into three groups (n=6); a control group, a metformin treated group, and a pioglitazone treated group. Female Sprague-Dawley (SD) rats (CLEA Japan Inc.) were used as normal rats (n=6). Rats were housed in suspended bracket cages and given a cholesterol-enriched powder diet (CRF-1 with 2% cholesterol added, Oriental Yeast Co., Ltd., Tokyo, Japan) and water *ad libitum* in a controlled room for temperature (23 ± 3°C), humidity (55 ± 15%), and lighting (a 12-hr dark-light cycle). SDT fatty rats were fed a powder diet mixed with pioglitazone (0.01%) to achieve a total daily dose of approximately 10 mg/kg from 4 to 25 weeks of age. Metformin (0.3%) was added to a powder diet to achieve a daily dose of approximately 300 mg/kg from 4 to 25 weeks of age. SDT fatty rats in the control group and SD rats were fed a cholesterol-enriched powder diet from 4 to 25 weeks of age. All animals protocols used in this study were in strict compliance with our own Laboratory Guidelines for Animal Experimentation.

Biological parameters
---------------------

Food intake, body weight, and non-fasting serum biochemical parameters, such as plasma glucose, insulin, triglyceride (TG), total cholesterol (TC), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) levels, were evaluated every four weeks, from 4 to 24 weeks of age. Because there were multiple rats in each cage, the food intake was calculated by dividing the total cage food intake by the number of animals per cage. Blood samples were collected from the tail veins of rats at 9--10 a.m. Glucose, TG, TC, ALT and AST levels were measured using commercial kits (Roche Diagnostics, Basel, Switzerland) and an automatic analyzer (Hitachi, Tokyo, Japan). Insulin level was measured using rat-insulin enzyme-linked immunosorbent assay (ELISA) kits (Morinaga Institute of Biological Science, Yokohama, Japan).

Tissue sampling and histopathology
----------------------------------

Necropsies were performed at 25 weeks of age. All animals were sacrificed by exsanguination under isoflurane anesthesia. After measuring liver weights, the livers were sampled for measurement of gene expression, hepatic lipid content, and histopathology. Samples for determination of gene expression and hepatic lipid content were stored at −80°C until analysis. For histopathology, the livers were immediately fixed in 10% neural-buffered formalin. After resection, the tissues were paraffin-embedded using standard techniques and thin-sectioned (3 to 5 *µ*m). The sections were stained with hematoxylin and eosin (HE) and Sirius Red.

Hepatic lipid contents
----------------------

An approximately 100 mg portion of the liver, 0.5 m*l* of methanol, and zirconia beads were added to tubes. The liver portion was homogenized using a mixer mill (MM300 Retch) (25 Hz, 10 min). To the homogenized solution, 1 m*l* of chloroform was added and mixed thoroughly. The mixture was then centrifuged (10,000 g, 5 min, 4°C) and the resulting supernatant collected. Solvents contained in 0.5 m*l* of the supernatant were dried under a stream of nitrogen gas. To the residue, 0.5 m*l* of 2-propanol was added, and the residue was then dissolved again. TG, TC and free fatty acid (FFA) concentrations of the 2-propanol solution were determined using a biochemistry automatic analyzer (Hitachi 7170S; Hitachi, Tokyo, Japan). TG, TC and FFA levels were measured using commercial kits (Roche Diagnostics, Basel, Switzerland).

mRNA quantification with real-time quantitative PCR
---------------------------------------------------

Total RNA was extracted from the liver at 25 weeks of age using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. Complementary DNA (cDNA) was synthesized from 1 *µ*g of total RNA using a High-Capacity cDNA Reverse Transcription Kit with an RNase Inhibitor (Applied Biosystems, Foster City, CA, U.S.A.). The reaction mixture was incubated for 10 min at 25°C, 2 hr at 37°C, and 5 min at 85°C. Real-time PCR quantification was performed in a 20 *µl* reaction mixture on a QuantStudio 3 Real-Time PCR system (Applied Biosystems). The reaction mixture contained 1× TaqMan Universal PCR Master Mix II (Applied Biosystems), 50 *n*g of synthesized cDNA, and 0.9 *µ*M primers/0.25 *µ*M probes or TaqMan primers/probe mix (TaqMan Gene Expression Assays, Applied Biosystems). Cycle parameters were 10 min at 95°C, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. The following primers and FAM-conjugated probe were designed using Primer Express software (Applied Biosystems): fatty acid synthase (FAS) (forward, ACTGAACGGCATTACTCGGTCC; reverse, GTGTCCCATGTTGGATTTGGTG; probe, TTCCGCCAGAGCCCTTTGTTAATTGG), acetyl-CoA carboxylase (ACC) (forward, GCAGCTATGTTCAGAGAGTTCACC; reverse, CCACCTCACAGTTGACTTGTTTTC; probe, CGGCGACTTACGTTCCTAGTTGCACAAAA). Expression of the following genes was confirmed using TaqMan Gene Expression Assays: β-actin (Rn00667869_m1), tumor necrosis factor (TNF)-α (Rn99999017_m1), monocyte chemoattractant protein (MCP)-1 (Rn00580555_m1), transforming growth factor (TGF)-β (Rn99999016_m1), collagen type I α-1 (COLIA1) (Rn01463848_m1), α-smooth muscle actin (SMA) (Rn01759928_g1), and microsomal triglyceride transfer protein (MTP) (Rn01522970_m1).

Statistical analysis
--------------------

The results of biological parameters except for food intake are expressed as means ± standard deviation. Food intake is expressed in mean values. Statistical analyses of differences between mean values were performed using a Tukey Kramer test. Differences were considered significant at *P*\<0.05.

RESULTS {#s2}
=======

Changes in food intake and body weight are shown in [Fig. 1.](#fig_001){ref-type="fig"}Fig. 1.Effects of metformin and pioglitazone on food intake (A) and body weight (B) in female SDT fatty rats fed a cholesterol-enriched diet. (A) Data represent mean values (n=6). (B) Data represent means ± standard deviation (n=6). \*\**P*\<0.01; significantly different from the control group. \#\#*P*\<0.01; significantly different from the SD rat group. Food intake in the control group was higher than that in the SD rat group, and food intake in the pioglitazone group was higher than in the control group ([Fig. 1A](#fig_001){ref-type="fig"}). Control female SDT fatty rats showed overt obesity, and body weight in the pioglitazone group was significantly higher than that in the control group; however, body weight in the metformin group was comparable to that in the control group ([Fig. 1B](#fig_001){ref-type="fig"}).

Changes in biochemical parameters are shown in [Fig. 2.](#fig_002){ref-type="fig"}Fig. 2.Effects of metformin and pioglitazone on plasma glucose (A), insulin (B), triglyceride (TG) (C), total cholesterol (TC) (D), alanine aminotransferase (ALT) (E), and aspartate aminotransferase (AST) (F) levels in female SDT fatty rats fed a cholesterol-enriched diet. Data represent means ± standard deviation (n=6). \**P*\<0.05, \*\**P*\<0.01; significantly different from the control group. \#*P*\<0.05, \#\#*P*\<0.01; significantly different from the SD rat group. Control female SDT fatty rats showed hyperglycemia, hyperinsulinemia, and hyperlipidemia, and the plasma ALT and AST levels also increased compared with the SD rat group during the experimental period. In the pioglitazone group, increases in plasma glucose, TG, TC, ALT and AST levels were significantly suppressed during the experimental period, the glucose and TG levels were reduced to similar levels observed in the SD rat group. Moreover, plasma insulin level in the pioglitazone group was significantly lower than that in the control group at 12 weeks of age ([Fig. 2B](#fig_002){ref-type="fig"}). In the metformin group, the increased plasma glucose levels significantly decreased compared with the control group ([Fig. 2A](#fig_002){ref-type="fig"}), and the increasing in plasma ALT levels temporarily decreased ([Fig. 2C and 2E](#fig_002){ref-type="fig"}). The metformin treatment did not affect plasma insulin, TC and AST levels.

Liver weight in the control group showed a significant increase compared with that in the SD rat group, and liver weight in the pioglitazone group decreased compared with that in the control group; however, the weight in the metformin group was comparable to that in the control group (Relative liver weights at 25 weeks of age: control group; 82.6 ± 13.7 mg/g, metformin group; 78.9 ± 21.5 mg/g, pioglitazone group; 23.6 ± 2.2 mg/g, SD rat group; 28.2 ± 2.4 mg/g). Hepatic lipid content in the control group showed a remarkable increase compared with that in the SD rat group, and hepatic lipid content in the pioglitazone group significantly decreased compared with that in the control group; however, the content in the metformin group was comparable to that in the control group ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Changes in hepatic triglyceride (TG) (A), total cholesterol (TC) (B), and free fatty acid (FFA) (C) contents in female SDT fatty rats fed a cholesterol-enriched diet. Data represent means ± standard deviation (n=6). \*\**P*\<0.01; significantly different from the control group. \#\#*P*\<0.01; significantly different from the SD rat group.).

The liver histopathology was examined by HE staining and Sirius Red staining to evaluate fibrosis ([Table 1](#tbl_001){ref-type="table"}Table 1.Histological findings of livers in cholesterol-loaded SDT fatty rats that received chronic treatment with anti-diabetic drugsFindingsAnimal No.25 weeks of ageSD ratControlMetforminPioglitazone123456789101112131415161718192021222324Fatty change\-\-\-\-\--3+3+3+3+3+3+2+3+3+3+3+3+++++±+Hypertrophy, hepatocyte\-\-\-\-\--2+2+2+2+2+3++2+3+3+2+2+±±±±±±Infiltration, inflammatory cell, periportal\-\-\-\--±+2+++±2+±+2+++±-+±±\--Fibrosis, focal\-\-\-\-\--++2+2+-+±2++++±±±\-\--±-: Negative, ±: Very slight, +: Slight, 2+: Moderate, 3+: Severe.). Representative histological photographs in each group are shown in [Fig. 4.](#fig_004){ref-type="fig"}Fig. 4.Liver histopathology at 25 weeks of age. (A, E): the SD group (animal No. 6); (B, F): the control group (animal No. 7); (C, G): the metformin group (animal No. 18); (D, H): the pioglitazone group (animal No. 19). (A--D): Hematoxylin and eosin (HE) staining. (E--H): Sirius red staining. Bar=100 *µ*m. In the control group, moderate changes in hepatosteatosis, moderate or severe changes in hypertrophic hepatocytes, and slight or moderate changes in inflammation and fibrosis were observed ([Fig. 4B and 4F](#fig_004){ref-type="fig"}). In the pioglitazone group, the hepatosteatosis and slightly or very slightly hypertrophic hepatocytes were observed, although some rats did not show histological changes including inflammation and fibrosis ([Fig. 4D and 4H](#fig_004){ref-type="fig"}). In the metformin group, only one rat (No. 13) showed improvements in hepatic abnormalities.

Changes in mRNA expression related to inflammation, fibrosis, and lipid synthesis were determined in each group ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Changes in hepatic tumor necrosis factor (TNF)-α (A), monocyte chemotactic protein (MCP)-1 (B), transforming growth factor (TGF)-β (C), collagen type I α 1 (COLIA1) (D), α-smooth muscle actin (SMA) (E), microsomal triglyceride transfer protein (MTP) (F), acetyl-CoA carboxylase (ACC) (G), and fatty acid synthase (FAS) (H) mRNA expression in female SDT fatty rats fed a cholesterol-enriched diet. Data represent means ± standard deviation (n=6). \**P*\<0.05; significantly different from the control group. \#*P*\<0.05, \#\#*P*\<0.01; significantly different from the SD rat group.). In the control group, the mRNA expression of COLIA1, a fibrosis-related factor, and ACC/FAS, lipid synthesis-related factors, increased compared with those in the SD rat group, and the mRNA expression of MTP decreased. In the pioglitazone group, the mRNA expression of TGF-β and COLIA1 significantly decreased, and the mRNA expression of MTP increased. In the metformin group, no significant changes were detected in the mRNA expression.

DISCUSSION {#s3}
==========

NASH is a concerning hepatic disease that occasionally leads to cirrhosis and/or carcinoma \[[@r3], [@r21]\]. Some theories, such as the "two-hit theory" and "multiple parallel-like theory", have advanced as proposed methods of development of NASH \[[@r4], [@r10], [@r28]\]. In either of these theories, lipid synthesis/accumulation and inflammation are important for the development of NAFLD/NASH, and insulin resistance is a basic factor \[[@r2]\]. The female SDT fatty rat used in this study showed NASH-like lesions with insulin resistance, and the rat is expected to be useful as a NASH model \[[@r8], [@r29]\].

In the preliminary study using female SDT fatty rats fed a standard diet, pioglitazone at 3 mg/kg tended to improve the hyperglycemia, but this did not reach significance (unpublished data), and the dosage of 10 mg/kg of pioglitazone was used in this study. Pioglitazone treatment prominently suppressed the hyperglycemia and the hyperlipidemia in female SDT fatty rats fed a cholesterol-enriched diet and, furthermore, the plasma insulin levels in pioglitazone treatment decreased, suggesting improvements in insulin sensitivity in the rats. The reduction of hepatic lipid accumulation in the pioglitazone group is considered to be induced by the suppression of hyperglycemia and hyperlipidemia \[[@r1], [@r11]\]. Moreover, the increase in hepatic expression level of MTP leads to the reduction of hepatic lipid accumulation. The suppression of MTP expression reportedly induces hepatic fat accumulation \[[@r17]\]. The decreases in hepatic lipid levels are considered as suppressing the inflammation and/or fibrosis in the liver with pioglitazone treatment. Increases in hepatic lipid levels, such as FFA and cholesterol, reportedly result in the development of inflammation and/or fibrosis in the liver \[[@r7], [@r24], [@r26]\]. The decreases in plasma ALT and AST levels are also considered to be related to improvements in hepatic lesions. In pioglitazone treatment, however, body weight gain was observed along with improvements in hepatic lesions. In clinical studies, pioglitazone treatment also induced body weight gain along with therapeutic effects on NASH \[[@r6], [@r19]\]. Pioglitazone treatment induces a lipid accumulation in adipose tissues via a regulation of PPAR-γ activity. Diet control is reportedly important with therapy using pioglitazone. The therapeutic effects with pioglitazone treatment were reportedly correlated with an improvement of insulin sensitivity \[[@r5]\]. Actually, in this study, pioglitazone treatment suppressed the hyperinsulinemia in SDT fatty rats.

Since the plasma ALT and AST levels increased at 300 mg/kg or higher in the preliminary study (unpublished data), the dosage of 300 mg/kg of metformin was used in this study. Metformin treatment significantly inhibited the hyperglycemia in SDT fatty rats fed a cholesterol-enriched diet; however, the pharmacological potential to improve NASH-like lesions is mild when compared with pioglitazone treatment. Moreover, metformin treatment did not result in an improvement in insulin sensitivity. The pharmacological effects of metformin on NASH were considered to be partial because of the insufficient effects on blood glucose/lipid control and insulin resistance. On the other hand, it is reported that metformin improves hepatic insulin signaling and histological damages of liver in insulin-resistant rats of NASH and cirrhosis \[[@r30]\]. In clinical studies, the pharmacological potential to improve NASH with metformin treatment is weak when compared with pioglitazone treatment, and the drug leads to improvement in hepatic histology and ALT levels in only 30% of patients with NASH. Moreover, the histological improvement did not correlate with the degree of changes in insulin sensitivity \[[@r18], [@r20]\]. The pharmacological effects of both drugs on SDT fatty rats are considered to be reflective of the results in clinical studies. On the other hand, currently, numerous candidate compounds, such as farnesoid X receptor (FXR) agonists, PPAR α/δ agonists, and agents targeting inflammation, are developing for NASH therapy \[[@r25]\]. In future, it is necessary to evaluate the pharmacological effects of those compounds on SDT fatty rats.

The pharmacological effects of pioglitazone on NASH treatment have been reported in some animal models, such as the methionine-choline deficient (MCD) diet-induced model and STAM mice. In those models, pioglitazone treatment improved hepatic NASH-like lesions, but did not result in changes in body weight \[[@r13], [@r15]\]. Animal models demonstrating obesity and insulin resistance are essential for the pharmacological assessment of anti-NASH drugs.

In female SDT fatty rats fed a cholesterol-enriched diet, pioglitazone improved hepatic lesions; however, the body weight increased. The effects of metformin on hepatic lesions were partial. The SDT fatty rats showed different pharmacological responses to two kinds of anti-diabetic drugs, metformin and pioglitazone. These results in both drugs are similar to what is observed in human studies, suggesting that the SDT fatty rat is useful for the development of new anti-NASH drugs that show potential to regulate glucose/lipid metabolism.
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